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Abstract 

We consider possible tests of the Einstein Equivalence Principle for physical systems 
in which quantum-mechanical vacuum energies cannot be neglected. Specific tests include 
a search for the manifestation of non-metric effects in Lamb-shift transitions of Hydrogenic 
atoms and in anomalous magnetic moments of massive leptons. We discuss how current 
experiments already set bounds on the violation of the equivalence principle in this sec- 
tor and how new (high-precision) measurements of these quantities could provide further 
information to this end. 
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Our understanding of gravitation is built upon the foundations of the Equivalence 
Principle. Originally regarded as the cornerstone of mechanics by Newton, and used later 
by Einstein in the development of general relativity, it has come to be understood as the 
basis for the notion that spacetime has a unique operational geometry. It consequently 
ensures that the effects of gravity on matter can be described in a purely geometric fashion. 

Of the several existing variants of the equivalence principle, it is the Einstein Equiv- 
alence Principle (EEP) which plays a pivotal role in this regard. This principle has three 
components as follows. The first is that all freely falling bodies (i.e. bodies which are 
not acted upon by non-gravitational forces such as electromagnetism and which are small 
enough so that tidal effects are negligible) move independently of their composition (the 
Weak Equivalence Principle, or WEP). The second component is the assertion that the 
results of any non-gravitational experiment (such as the measurement of an electromag- 
netic current in a wire) are independent of where and when in the universe it is carried 
out (Local Position Invariance, or LPI), and the third component is the assertion that 
such results are independent of the velocity of the freely falling reference frame in which 
the experiment is performed (Local Lorentz Invariance (LLI)). Metric theories (such as 
general relativity and Brans-Dicke Theory) realize the EEP by endowing spacetime with 
a symmetric, second-rank tensor field g^ v that couples universally to all non-gravitational 
fields [0, so that that in a local freely falling frame the three postulates are satisfied. 
By definition, non-metric theories do not have this feature: they violate universality and 
so permit observers performing local experiments to detect effects due to their position 
and/or velocity in an external gravitational environment. 

Each of the three components of EEP have been subjected to severe experimental 
scrutiny. Empirical limits on WEP violation are typically set by torsion balance experi- 
ments, whereas limits on LPI and LLI violation are set by gravitational red-shift and 
atomic physics experiments || respectively, all to varying degrees of precision. The uni- 
versality of gravitational redshift has been verified to 1 part in 5000 0, WEP to 1 part 
in 10 12 [|J and LLI to 1 part in 10 21 @. Significantly improved levels of precision are 
anticipated in future experiments ||. 

Impressive as these limits are, the dominant form of mass-energy governing the systems 
these experiments study is nuclear electrostatic energy, although violations of the EEP 
due to other forms of energy (virtually all of which are associated with baryonic matter) 
have also been estimated ||. However there are many physical systems dominated by 
other forms of mass energy for which the validity of the equivalence principle has yet 
to be empirically checked, including matter /antimatter systems 0, (hypothesized) dark 
matter, photons of differing polarization ||, massive leptons, neutrinos 0, second and 
third generation matter, and quantum vacuum fluctuations. Comparatively little is known 
about empirical limits on EEP- violation in these other sectors . 



We describe in this paper the results of an approach for examining potential violations 
of the EEP due to effects which are peculiarly quantum-mechanical in origin (i.e. are due 
solely to radiative corrections). Effects of this type include Lamb-shift transition energies in 
Hydrogenic atoms and anomalous magnetic moments of massive leptons. Tests of the EEP 
in this sector push the confrontation between quantum mechanics and gravity ever closer, 
providing us with qualitatively new empirical windows on the foundations of gravitational 



1 



theory. 

The action appropriate for Quantum Electrodynamics in a background gravitational 
field (GQED) is 

# f + efi-m^-^F^F^ (1) 

where V is the covariant derivative, F^ v = A v ^ — A^u and A 1 = e a ^ a A^ , being the 
tetrad associated with the metric. Our approach is to extend this action to the wide class 



S = \d A X\f^g 



of non- metric theories described by the THe/u, formalism [ IT|] . This formalism (which has 
as its limiting case all metric theories) assumes that the external gravitational environment 
of a given physical system is desribed by a static, spherically symmetric metric which does 
not necessarily couple universally to all forms of matter. More concretely, 

g^ = di&g(-T,H,H,H) and F^F^ = 2(eE 2 - B 2 / ^) 

where E = — VAq — dA/dt and B = V x A. e and /i are arbitrary functions of the 
Newtonian background potential U = GM/r (which approaches unity as U — > 0) as are 
T and H, which in general will depend upon the species of particles within the system, 
which we shall take to be massive leptons. 

The action ([]]) will in general depend upon the velocity u of a given (sub) atomic 
system relative to the preferred frame (whose coordinates define the form of ([!])) as well 
as the THe/i parameters. This dependence can be obtained using a Lorentz transforma- 
tion to transform fields and coordinates from the preferred frame to the rest frame of the 
(sub)atomic system, whose small spacetime size permits us to ignore spatial variations in 
the THe/j, parameters. Analysis shows that, upon local rescaling of physical parameters, 
it is only the electromagnetic sector of the action that depends explictly on u and the 
dimensionless parameter £g = 1 — c 2 = 1 — Hq/TqCqUo, "0" denoting evaluation at the 
system's center of mass, with C£ the ratio of the limiting speed of lepton to the speed 
of light ||12|| . It is straightforward to check that all divergences in GQED can be renor- 



malized by proper redefinitions of the parameters of the theory, (which now include the 
THefi functions) and that the Ward identities are satisfied. This is a consequence of gauge 
invariance. In extracting predictions from GQED, we note that the natural scale for £ is 
set by the magnitude of U, which empirically is much smaller than unity, permitting a 
perturbative analysis in £. 

The Lamb shift is an energy shift caused by quantum vacuum fluctuations between 
normally degenerate states in a Hydrogenic atom. To extract the prediction for this effect in 
GQED, it is necessary to solve the field equations for the electromagnetic vector potential 
produced by a pointlike nucleus of charge Ze at rest in the moving frame. Employing 



previously established techniques |T3j yields the result that this degeneracy is lifted before 



radiative corrections are introduced E^]. This non-metric energy shift is isotropic in u 
and vanishes when u = 0. Evaluating the relevant radiative corrections to the required 
accuracy 0($ > £)0(u 2 )0(a(Za) 4: ) entails a very lengthy and tedious calculation, leading to 
an expression for a gravitationally modified Lamb shift energy A.E u) which is no 
longer isotropic in u. 

Upper bounds on £g from current experiments can be obtained by assuming that 
EEP-violating contributions to AEl are bounded by the current level of precision for the 
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Lamb shift Using the accepted upper limit \u\ < 10 for the preferred frame velocity 
|4[] we find ]ll| the dominant non-metric contribution to AEl is due to purely radiative 
corrections, yielding the bound |£ e | < 10 -5 . If we assume that positrons and electrons 
do not have equivalent couplings to the gravitational field ||15|| , we find that there is an 
additional radiative contribution to AEl due to vacuum polarization. Making the same 
comparisons as above, we find the most stringent bound on this quantity to be |£ e + 1 < 10~ 3 
from present Lamb shift experiments. 

In the case of anomalous magnetic moments, we find that an evaluation of the Feynman 
amplitude related to the elastic scattering of a lepton by a static external field yields an 
effective interaction term in the GQED Hamiltonian 

H a =-^-{gS -B + gJ-uB- u}=-Y^S l B J (2) 
2m 

with g = 2 + s [1 + &(1 + £(1 + 7£ 2 ))], 9* = -f 6|7 2 , and 7 2 = (1 - \u\ 2 )~\ where 
S = % is the spin operator. The presence of preferred frame effects induces a new type of 
tensorial coupling between the magnetic field and the spin described by r^ . 

From this we find that the precession frequency of the longitudinal spin polarization 
S ■ 3 is ~ —a, where 

2 

a=^-{l + £[1 + ^r(l + 7(V 2 + 3 2 )-8V 2 cos 2 6)} (3) 

2,71 D 

and where 3 is the lepton velocity with respect to the laboratory system which moves in 
the preferred frame with velocity V, whose angle with the magnetic field is 0. Assuming 
the EEP-violating contributions to a are bounded by the current level of precision for 
gyromagnetic anomalies (and that \V\ < 10 -3 ) then the discrepancy between the best 
empirical and theoretical values for the electron yields the bounds |L6| |£ e - | < 10~ 8 and 
|£ e - — £ e + 1 < 10 -9 , the latter following from a comparison of positron and electron magnetic 
moments. For muons, a similar analysis yields | < 10 -8 and — < 10 -8 . To 
our knowledge these limits are the most stringent yet noted for these parameters. 

Non-metric effects also induce oscillations in the spin polarization component (Sb) 
parallel to B. The ratio between the temporal average of this quantity and the initial 
polarization of the beam can be estimated to be Se = ~ cos O7 2 . In highly 



relativistic situations this effect is enhanced, and can be estimated by considering a typical 
experiment with V ~ 10 -3 , where for electrons (3 ~ 0.5), and so 5 e ~ 10 -11 ; and for 
muons (3 = 0.9994), 5 M ~ 10 -8 . In both cases the corresponding present constraints 
for & were employed. Improved measurements of this quantity for different values of 
should afford the opportunity of putting tighter constrains on the £g parameters. The 
rotation of the Earth will have the effect of converting this orientation dependence into a 
time-dependence with a period related to that of the sidereal day. 

Additional empirical information can also be extracted from AEl arid by evalu- 



ating their associated gravitational redshift parameters. Analysis |12] shows that these 
parameters are two linearly independent combinations of To = p-ln[^-]'|o and Ao = 

pTn[^-]'|o. Redshift experiments can therefore set bounds on independent regions of 
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(r , Aq) parameter space in the lepton sector. However this will be a challenge to experi- 
mentalists because of the small redshift due to earth's gravity (< 10 -9 ) and the intrinsic 
uncertainties of excited states of Hydrogenic atoms. One would at least need to perform 
these experiments in a stronger gravitational field (such as on a satellite in close solar 
orbit) with 1-2 orders-of-magnitude improvement in precision. 

To summarize, violation of gravitational universality modifies radiative corrections to 
lepton-photon interactions in a rather complicated way, giving rise to several novel effects. 
Refined measurements of atomic vacuum transitions and anomalous magnetic moments 
can provide an interesting new arena for investigating the validity of the EEP in physical 
regimes where quantum field theory cannot be neglected. It will be a challenge to set new 
empirical bounds on such effects in the next generation of experiments. 
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